Introduction and Motivation
One of the main factors that have influenced the development of fuel cells has been the increasing concern about the environmental consequences of fossil fuel utilization in the production of electricity and for the propulsion of vehicles. An increased global awareness of various advance impacts on the environment from various industries and the need for sustainable energy conversion devices have also contributed to the recent focus on fuel cells. Various types of fuel cells have been actively developed for different applications. In general, high temperature fuel cells ͑e.g., solid oxide fuel cells-SOFCs hereafter͒ can employ both hydrogen and hydrocarbon as fuels, because hydrocarbon fuels can be directly introduced with internal reforming, and integrated thermal management to achieve high system efficiencies.
An important component in a planar SOFC stack is the interconnect ͑or impermeable bipolar plate in the literature͒. It is designed to distribute fuel and oxidant to anodes and cathodes, respectively, and to provide electrical contacts between adjacent cells as well. In general, the operating temperature of SOFCs is affected by the specific application ͑stationary, mobile, and transportation͒, type of fuels and properties of electrolytes. If SOFCs are used in an integrated power generation system with a gas turbine, the exhaust gas from the stack should be higher than 850°C to achieve higher efficiency, based on system requirements ͓1͔. For this case, more expensive materials should be employed for the interconnect and other relevant components/sub-systems ͑e.g., recuperators͒ in the integrated system, which result in significant difficulties for cost reduction at present.
As a general requirement, the combined area specific resistivity ͑ASR͒ of the cell components ͑anode-electrolyte-cathode͒ for all fuel cells should be below 0.5 ⍀ cm 2 ͑ideally approach 0.1 ⍀ cm 2 ͒ to ensure high power density and minimize the amount of material per kW of power supply ͓1͔. For a certain material, electrolyte ASR depends on its thickness, specific ionic conductivity, and operating temperature. Most important, the contribution of the electrolyte to the total combined ASR ͑=␦ / where ␦ is electrolyte thickness and specific ionic conductivity͒ is typically required to be less than 0.15 ⍀ cm 2 . To meet this requirement, the maximum thickness of the electrolyte is about 150 m when conventional yttria-stabilized zirconia ͑YSZ͒ electrolyte is self-supported and operating temperature is about 950°C ͓1͔.
To reduce the cost and increase life expectency, many efforts have been performed to reduce the SOFC operating temperatures to intermediate range ͑between 600 and 800°C, ITSOFC hereafter͒. Two technical routes for ITSOFCs have emerged, as shown in Table 1 .
The first case in Table 1 shows a design in which thin film technology is employed with conventional YSZ for the electrolyte. When the working temperature is reduced to around 700°C, the specific ionic conductivity is about 0.01 S / cm ͓1͔, and then maximum thickness allowed for conventional YSZ electrolyte is 8-15 m. The electrode-supported ͑e.g., anode-supported͒ configuration is usually employed for this thin electrolyte structure ͓2,3͔. The second case employs new materials with very high ionic conductivity ͑ = 1.0 S / cm at 700°C͒. If a thick layer electrolyte ͑around 500 m thick͒ is adopted, the contribution to the total ASR is only about 0.05 ⍀ cm 2 , which is still lower than that of the conventional high temperature SOFCs ͑HTSOFCs hereafter͒.
In this study, a fully three-dimensional numerical investigation is presented for gas flow and heat transfer in an anode duct of the first design ͑anode-supported ITSOFC͒. The duct under investigation includes the porous layer, gas flow duct, and the solid interconnects. By calculating fuel gas species, the electrochemical reactions related mass generation and consumption have been identified and applied. Moreover, the variable thermal-physical properties of the fuel mixture ͑H 2 +H 2 O͒ have also been taken into account. The unique thermal boundary conditions of the fuel cell are employed in the investigation as well. The emphasis is put on the interesting parameters such as pressure drop and Nusselt number, as well as the species convection and diffusion in the porous layer. In addition, a general model to evaluate the performance of ITSOFC stack with new materials is developed for the purpose of optimal design and/or configuration based on specified electrical power or fuel supply rate.
Problem Statement
For the case of small SOFC stacks without a gas turbine integration, the operating temperature should be at a level where the electrode kinetics and internal resistance of the stack are not affected. These small stacks can be used as combined heat and power units for a stand-by power supply, and/or auxiliary power unit for additional power requirements in vehicles. As expected, ITSOFCs may offer advantages over HTSOFCs, such as mechanical robustness against fast thermal cycles and thermal stresses, lower material and manufacturing costs, system compactness as a result of less critical requirement on the associated components ͑e.g., heat exchangers͒.
The Fundamentals of Various Processes in New
Material ITSOFCs. For new material ITSOFCs, commercial Gd 0.1 Ce 0.9 O 1.95 ͑GDC͒ powder is used as the electrolytes, while platinum and silver pastes are used for the fuel cell anode and cathode, respectively. As mentioned earlier, new material ITSOFC offers higher Nernst voltage and allows the use of less expensive stainless steels ͑replacing expensive super-alloys used in HT-SOFC͒ for the interconnect, gaskets, and associated components/ sub-systems. For this case, it may avoid the high cost in conventional HTSOFCs ͓4͔. Moreover, new material ITSOFC may possess wide fuel flexibilities, such as pure hydrogen, hydrocarbons, natural gas, biogas, and gas derived from coal ͓4͔.
Internal Reforming Reactions.
With the high heat generation in the new material ITSOFC stack, it is possible to have internal reforming of bio fuels at the anode of the cells with water/ steam. Internal reforming can be considered to occur at the anode and be separated from the fuel cell reaction. Because the section of the anode where reforming occurs is adjacent to the place where the electrochemical reaction occurs, the heat from the fuel cell electrochemical reaction is supplied for the reforming reaction by internal heat transfer with minimal losses.
Methane and carbon monoxide from biomass production can be reformed into H 2 by the following reactions ͓5͔
is usually referred to as water-gas shift reaction. The overall reforming reaction is
It should be mentioned that the above-noted process in Eq. ͑1͒ is endothermic and the overall balance of the reaction requires external heat input. Excess steam and heat are required to shift the reaction equilibrium to the right and maximize the hydrogen generation from bio fuels. The above-noted reactions produce a significant amount of water at both the anode and cathode during operation, which is confirmed experimentally. This is an indication of combined ion conduction of proton and oxygen ions through the electrolyte. The combined ion transport processes correspond to new electrochemical processes. Furthermore, the combined ion conduction with higher ion concentrations/flows can enhance the fuel cell performance characteristics.
Electrochemical
As revealed in ͓4͔, oxygen ion and proton conduction can take place at the same time due to the two phases involved in the composite electrolyte, i.e., oxygen ion transport through one phase and proton conduction through another phase. In addition, there is also the interfacial conduction, so-called "composite effect" in ͓4͔, between two phases. It is a new concept to combine the advantages of proton and oxygen ion conductors to form new material ITSOFCs.
Gas Flow and Heat/Mass
Transfer in AnodeSupported ITSOFCs. For anode-supported planar ITSOFCs, the thickness and width of the porous layer is larger than that of the flow duct. The transport rate of fuel gases to active sites for reactions is controlled by various parameters, such as porous microstructure ͑e.g., pore size, permeability, volume percent porosity͒, pressure gradient between the flow duct and porous layer, gas composition and inlet conditions, etc.
In an ITSOFC anode duct, part of the fuel ͑e.g., H 2 ͒ is consumed while water vapor ͑H 2 O͒ is generated during the electrochemical reactions. This can be simulated as a mass suction and injection with velocity V m ͑or Re m = V m D h / ͒, respectively, at the permeable wall on the anode side ͓6͔. Fundamental studies of forced convective heat transfer and gas flow, where porous media appear in SOFCs, have been considered by various investigators in recent years ͓7-16͔. These studies have been driven by the need for a better understanding of flow and heat transfer in porous media. Because of the simplicity and reasonable performance within a certain range of applications, the Darcy model has been used for the majority of existing studies on gas flow and heat transfer in porous media. It is clear that part of the gas flow penetrates into the porous layer and the remaining gas flows downstream at reduced rates. The static pressure in such a duct then changes along the main flow due to the following reasons: the friction between the gas flow and the internal surfaces of the duct creates a pressure loss, and the mass permeation across the interface between the flow duct and the porous layer implies that mass and momentum are transferred from/into the porous layer. The latter one complicates the transport processes further even in a simple duct flow, because it is a mass changing process and depends on the pressure difference between the flow duct and porous layer. However, this process is usually considered as an overall mass transport with a constant permeability. Another factor should be considered, because part of the fuel ͑e.g., H 2 ͒ is consumed and water ͑H 2 O͒ is generated in the electrochemical reaction ͓17͔.
As in this study, the fuel gas in the anode is a binary mixture ͑H 2 +H 2 O͒. Fick's law is then used to determine the mass diffusion flux. There is usually an energy flux associated with the mass diffusion in the energy balance. For the specific case investigated, Lewis numbers Le= k eff / ͑ eff c p,eff D eff ͒ are likely to be different from unity in some regions, but nonetheless assumed. Future work will address nonunity Le numbers. In this study, a three-dimensional CFD ͑computational fluid dynamics͒ approach is employed to solve the Navier-Stokes equations, mass conservation equation, and energy equation for an anode duct of a typical planar anode-supported ITSOFC, see Fig.  1͑a͒ . Figure 1͑b͒ shows the schematic structure of the anode duct. The duct consists of a thick porous anode layer, the gas flow duct, and solid current inter-connector. The porous anode layer is assumed to be homogeneous and characterized by effective parameters, such as porosity, permeability, and thermal conductivity, and the fluid in the porous layer is in local thermal equilibrium with the solid matrix. A chemical reaction occurs at the porous surface in contact with the electrolyte ͑bottom surface in Fig. 1͑b͒͒ . A constant flow rate U = U in with a mass fraction of the mixed fuel ͑H 2 /H 2 O=80/20͒ is specified at the inlet of the gas flow duct, while U = 0 is specified at the inlet for the inter-connector and porous anode layer. Only the right half of the duct is considered by imposing symmetry conditions on the mid-plane.
Governing Equations.
The governing equations to be solved are the continuity, momentum, energy, and fuel gas species equations, which are written as
Source Terms.
A source term S m in the mass conservation equation accounts for the mass transfer caused by the electrochemical reaction from/to the porous anode layer ͑bottom surface A active ͒. It reads
where J H 2 and J H 2 O are calculated as follows
It is well known that the Darcy model has some limitations. It cannot predict the viscous effects and the flow development. It also breaks down due to the increasing role of inertial forces, where the interstitial flow velocity is not small based on pore Reynolds number ͓7͔. Studies are available that have addressed these limitations. For example, a term accounting for friction due to macroscopic shear was included in the model to account for the transition from Darcy flow to highly viscous flow ͑without porous matrix, i.e., extremely high permeability͒. This model is usually referred to as the Brinkman-extended Darcy model, because the term was introduced first by Brinkman. A term representing the inertial energy of the fluid has been suggested and is often referred as the Forchheimer-extended Darcy model, see ͓7,11͔.
For the case of transition from porous medium flow to the pure duct flow, the permeability increases, and none of the abovementioned models adequately address this transition. This is due to the fact that, in the high permeability limit, the terms in the momentum conservation equation can only survive for the highly viscous flows in which the effects of fluid inertia are negligible relative to pressure and friction forces ͓12͔. A fully extended model is obtained by combining the Forchheimer-extended Darcy model and the Navier-Stokes equations. This combined model accounts for the boundary-layer development, shear stress, and microscopic inertial force as well. In this paper, the model is formulated for both porous medium flow and pure duct flow without the limitation of high viscosity, and it is called the generalized Brinkman-Forschheimer-Darcy model in the literature ͓12͔, or generalized BFD model in some cases. The generalized BFD model has gained tremendous popularity partly because it enables a porous/fluid composite region to be treated as a single domain. By considering the regular fluid as a porous medium with large permeability, only one set of conservation equations needs to be solved for the entire domain. The model has been employed in fundamental studies of fluid flow and heat transfer in various porous media applications, e.g., ͓8,9͔. A more important reason for its success lies in the fact that numerically predicted results using this formulation together with conventional boundary conditions at the interface agree well with experimental results ͓13͔.
Equation ͑6͒ has been modified to be valid for both the porous layer and the flow duct, by including a source term S di ͓12͔
In Eq. ͑12͒, ␤ is the porous layer permeability and V represents the volume-averaged velocity vector of the species mixture. As an example, the volume-averaged superficial velocity component U in the x direction is equal to U, in which is the porosity, U the average pore velocity ͑or interstitial velocity in the literature͒. The inertial coefficient B in Eq. ͑12͒ depends very much on the microstructure of the porous medium, and theoretical determination of it is not easy. In fact, the value of B reported often varies between investigators and the porous medium tested. As an example, two models from the literature for B are given in Table 2 . Transactions of the ASME It is clear that model 2 in Table 2 needs more detailed information about the porous medium microstructure ͑d-sphere diameter͒ in SOFC, which is not available presently. Only model 1 is then used in the present study. Table 3 shows methods to determine the Forchheimer coefficient F in model 1. The source term S di accounts for the linear relationship between the pressure gradient and flow rate by the Darcy law. It should be noted that Eqs. ͑5͒-͑8͒ are formulated to be generally valid for both the flow duct and the porous layer. The source term in Eq. ͑6͒ is zero in the flow duct.
The species transport Eq. ͑8͒ is solved for the mass flow rate of the hydrogen based on the fuel mixture ͑H 2 +H 2 O͒ velocities and variable thermal-physical properties, while the concentration of H 2 O is determined by a summation of the mass fractions in the duct, i.e.,
In the above equations, all parameters with subscript eff are the effective ones, and reduce to the values of the fuel gas mixture in the flow duct based on the composition and temperature. As an example, the effective specific heat capacity c p eff in the flow duct is the one of the fuel gas mixture c pg , i.e., c p eff = c pg = y H 2 c p,
In the porous anode, the effective density eff is the fuel gas mixture g . For the effective transport properties, there are several methods to estimate the effects of the microstructure parameters, such as the porosity, pore size, particle size, and tortuosity. For example, a large portion of the correction is made using the ratio of porosity to tortuosity, although in some cases, the Bruggeman correction ͑
1.5
͒ is used. It should be noted that in this study the simplified approach in ͓9͔ is employed. The effective conductivity k eff and H 2 effective binary diffusion coefficient are estimated by employing various values for the ratios to consider the porous layer effects ͓9͔, i.e.,
where D r is the species binary diffusion coefficient ratio, D H 2 is the H 2 diffusion coefficient in the fuel gas mixture. By varying the property ratio, the corresponding effective property in the porous layer sub-domain can be different from that of the species mixture, if the property ratio is not equal to 1. Future work will address the various methods to obtain the effective properties, particularly for the multi-component species mixture in the porous layer involving internal steam reforming reactions.
Additional Equations.
To characterize the overall pressure difference between inlet and outlet, either a pressure coefficient C p or an apparent friction factor f app of the gas flow in a duct can be employed as
where U bulk is the mean velocity of the main flow, D h is the hydraulic diameter defined in the conventional manner, dP / dx the pressure gradient along the main flow direction. As mentioned earlier, the mass permeation across the interface between the flow duct and the porous anode layer contributes to the pressure change along the main flow direction. Consequently, the apparent Fanning friction factor f app is employed. Based on the fact that the mass permeation is small, the deduced pressure change can be written as
The Nusselt number Nu b at the heated wall is
T b is the heated wall spanwise average temperature, T bulk the mean stream-wise flow temperature in the cross section
while the heat flux q b at the bottom wall in Eq. ͑18͒ is calculated as follows ͓18͔
where ⌬H is the enthalpy change of water vapor formation. The first term in Eq. ͑20͒ accounts for the quantity of water, and the second term takes care of the current density generated by the electrochemical reaction.
Boundary and Interfacial Conditions.
Based on the fuel cell function, the unique thermal and fuel gas mass concentration/ flux boundary conditions at the walls are as follows 
͑23͒
In the present investigation, the interfacial boundary conditions, commonly employed in the literature and including the continuity of velocity, shear stress, temperature, heat flux, mass fraction and flux are applied as follows
Here subscript ϩ ͑plus͒ stands for fluid side, Ϫ ͑minus͒ for porous layer side. Moreover, the thermal interfacial condition, Eq. ͑25͒, is also applied at an interface between the porous media and the solid current inter-connector with k s instead of k g 3 Modeling Approaches and Numerical Procedures 3.1 New Material ITSOFC Stack Models. The stack modeling is based on the fundamental thermodynamics and electrochemical reactions with aims to evaluate the ITSOFC stack performance. Various processes are included in the separate sub- modules, such as internal reforming reactions, electrochemical reactions. Fuel cell performance is estimated by voltage-current characteristics, output of electricity/heat and fuel consumption. The optimal design and/or configuration of an ITSOFC stack may be achieved based on the specified electrical power or fuel supply rate.
Reforming Reactions.
Reforming of the fuels to provide pure hydrogen for the fuel cell reaction consumes a significant portion of the heat produced by fuel cells. The energy absorbed is calculated by the reforming reaction, including that in the water gas shift reaction. The molar and mass balance for the reforming reaction and calculation of the theoretical mass ratio of fuel to hydrogen are based on the unit of hydrogen supplied to the fuel cell. For internal reforming of bio fuels as in this study, the internal reforming factor ͑or efficiency͒ based on mass flow rate is used to measure the equilibrium position. The definition of R is the ratio between the theoretical fuel flow required and actual fuel flow rate to yield a unit flow of hydrogen. The fuel flow rate reads
In the above equation, m f,in is the inlet fuel flow rate required, m H 2 hydrogen flow rate generated from the reforming, R fuelគH 2 ratio of molecular weights between fuel and hydrogen which will depend on the fuels employed. As an example when pure methane is the fuel, the ratio is calculated as
Heat is required by the reforming process
Here, ⌬H reformation is enthalpy change of the reforming, m H 2 the hydrogen flow rate ͑kg/s͒. If the biomass generated syngas is used as fuel, mass ratio of fuel to hydrogen can be applied by the compositions of the components in the syngas. For example, water consumption needed the reformation of CH 4 is
Electrochemical Reactions.
The maximum theoretical electrical power from the Gibbs free energy at any operating temperature and pressure is calculated by
where ⌬G T = RT ln͑K p ͒ represents the Gibbs energy change in the overall cell reaction. The open circuit voltage is calculated as
The above-noted equation is well known as the Nernst equation, and provides a relationship between the ideal potential for the cell reaction ͑given by the first term of the equation on the right-hand side͒ and the ideal equilibrium potential at other partial pressure and temperature of reactants and products. F is the Faraday constant, V ϱ 0 ideal fuel cell electromotive force, P the partial pressure in bar. V ϱ o is given as
in which ⌬G o is free Gibbs energy change, ⌬S o entropy change in the electrochemical reaction. It should be noted that the ideal fuel cell electromotive force V ϱ o ͑at one bar͒ depends only on the temperature.
Fuel Cell
Characteristics. The voltage-current characteristic of fuel cells derives from: voltage losses due to internal resistance to current flow in the cell components and electrode activation potentials; and voltage losses due to the effect of gas flows and concentrations on the utilization ratio of the fuel. Internal resistance losses dominate except at high current densities or high fuel utilization ratios ͑Ͼ85% ͒, when mass transfer effects or low concentrations/partial pressures of fuel cause a decrease in voltage. These effects are dependent upon the detailed design of the fuel cell and the gas flow channels, and are difficult to model theoretically. However, they may be derived empirically. Given ITSOFC operating characteristics, the target operating current density and voltage can be specified to give a good combination of power output, voltage efficiency, and fuel utilization. Cell voltage is given by ͓18͔
in which i is the current density, R represents internal resistance ͑ohmic͒ of the cell, a and b are Tafel constants. The first term on the right-hand side of Eq. ͑34͒ is the open-circuit voltage from Eq. ͑32͒, the second term represents the internal ohmic resistance loss, while the last one accounts for the activation loss. It should be noted that there exists several approximations to the activation loss, derived from the Butler-Volmer equation. Under certain conditions, such as low-activation polarization, the linear relation is often employed as well in the literature.
Electricity, Heat
Output, and Fuel Consumption. Two options are available: calculation of the heat output and fuel consumed for a given electrical power output; calculation of the electricity and heat output for a given supply of fuel. For the first option, the calculation procedures are as follows:
• add ancillary loads referred to ac supply, and add converter efficiency factor to give dc output required from fuel cell stack; • determine sum of currents through all cells in stack
• hence hydrogen utilized in stack is
while for the second one, the following methods are employed:
• define hydrogen flow available from the reforming by reformer efficiency and hydrogen to fuel mass ratio; • hence calculate hydrogen utilized in fuel cell stack by considering fuel cell utilization factor; • calculate stack current
and stack power
Stack heat is balanced as
in which ⌬H stack is enthalpy change of the stack, while ⌬G o Gibbs free energy, ⌬H reaction enthalpy change of the fuel cell reaction, ⌬H reformation enthalpy change of the fuel reformation.
As mentioned earlier, there are voltage losses connected to the activation, gas transport, and current resistance. Assuming that a portion ͑represented by F rec ͒ of the voltage losses within the fuel cell stack are recovered as heat, and by correcting for fuel utilization ␣, one has
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Transactions of the ASME If unutilized fuel is recirculated and burnt to preheat the fuel, one has
where ⌬H comb = ⌬H formationគH 2 O is based on the activated temperatures. The first term on the right-hand side of Eq. ͑41͒ represents heat generation by the electrochemical reaction, the second one voltage losses recovery, the third one reforming related heat, while the last one comes from the combustion of unused fuel. Water generation from the electrochemical reaction in the stack is given by
3.1.5 Fuel Cell Stack Configuration. Two calculation options are available: specify the number of cells in series and active areas of a unit cell to determine fuel cell stack voltage and power supply; and specify desired fuel cell stack operating voltage and power to determine number of cells required in series and cell active area needed.
The present approach is totally integrated in the Microsoft EX-CEL® environment. This enables the user to easily interact with input data, monitor the simulation results in terms of a stack performance graph or data. Most of the input parameters and simulation results with overall performance, such as V-I and W-I curves, are shown in user sheet ͑or interface͒. Users are required to modify the input data in various sub-sheets. Input parameters can be divided into various categories:
• stack material properties and dimensions ͑e.g., cell active area/electrolyte thickness͒; • stack operating conditions ͑operating temperature,°C; operating pressure, MPa; reforming efficiency; reforming preheat, kW; and fuel utilization ratio as well͒. Depending on modeling strategy, either electrical power required or fuel flow rate supplied to stack should be given. One should specify target operating stack voltage, and adjust actual number of cells based on estimation; or specify number of cells and cell active area, and estimate the operating point of the stack.
• adjustable parameters ͑Tafel coefficients a, b and internal ohmic resistance R of the cell͒ used in calibrating the model to fit experimental data, such as the parameters connecting to over-potentials and ohmic potentials.
Numerical Procedures for Anode-Supported ITSOFC.
A three-dimensional CFD code was used to solve the governing Eqs. ͑5͒-͑8͒, together with the boundary conditions ͑21͒-͑23͒ and interfacial conditions ͑24͒-͑26͒. The code is a general purpose one and based on the finite-volume technique with boundary fitted coordinates for solving the differential equations. The Cartesian coordinate system in the physical space is replaced by a general non-orthogonal coordinate system. The momentum equations are solved for the velocity components on a non-staggered grid arrangement. The Rhie-Chow interpolation method is used to compute the velocity components at the control volume faces. Algorithms based on the TDMA ͑tridiagonal matrix method͒ and a modified SIP ͑strong implicit procedure͒ are employed for solving the algebraic equations. In this study, the convective terms are treated by the QUICK ͑quadratic upwind interpolation of convective kinematics͒ scheme, while the diffusive terms are treated by the central difference scheme. The SIMPLEC ͑semi-implicit method for pressure linked equations consistent͒ algorithm handles the linkage between velocities and pressure.
As shown earlier, the equations needed for the calculation are coupled by current density, temperature, partial pressure / concentration of gas species via source terms and thermal-physical properties. It should be noted that the source term in Eq. ͑6͒ is zero in most of the regions, and non-zero only in the regions neighboring boundaries, where mass transfer caused by the electrochemical reaction occurs ͑bottom wall in Fig. 1͑b͒͒ . It is clear that no gas flow is present in the solid interconnect. Equations ͑5͒, ͑6͒, and ͑8͒ are then blocked out and only the heat conduction equation, derived from the energy Eq. ͑7͒, is solved for this domain. As mentioned earlier, the thermal-physical properties of the fuel gas mixture vary. These parameters depend on the position in the duct, and the species mass fraction and/or temperature as well. Fuel gas mixture density, viscosity and specific heat capacity are then calculated and updated during the calculation.
In this investigation, a uniform grid point distribution in the cross section is applied. To obtain finer meshes in the entrance region of the duct, a non-uniform distribution of grid points with an expansion factor is implemented for the main flow direction. Various values of the expansion factor have been checked and 1.01 was found to be sufficient to achieve grid independent solutions.
In order to evaluate the performance of the numerical method and code, test calculations considering grid sensitivity, code performance, and validation were carried out. It is clear that the calculated fRe and Nu do not change significantly when the number of grid points is increased beyond 55ϫ 35ϫ 55 ͑55ϫ 35 for the cross section, 55 for the main flow direction͒, see Fig. 2͑a͒ . Calculations have been carried out for fully developed conditions in a parallel plate duct for various thickness of the porous layer and the same boundary conditions of constant heat flux on the walls. The comparison in Fig. 2͑b͒ shows that the computed Nu values agree well with the analytical ones. Table 4 shows the input parameters and values used as the base case condition for the investigated stack. Figure 3 shows a predicted cell performance characteristics in terms of voltage V and power density w vs current density i, with comparison to the measured one ͓4͔. The results demonstrate rather a high-power output with a level between 200 and 600 mW/ cm 2 corresponding to the current density of 400-2000 mA/ cm 2 . From the figure, it is found that the agreement between calculations and experimental results is good in terms of V-i curve. Figure 4 shows the predicted ITSOFC stack performance. The designed stack should supply 1 kW ac electrical power at 24 V. Based on Fig. 3 , it is clear that the unit cell voltage should be 0.5-0.7 V when the current density is within 200-950 mA/ cm 2 . If 0.6 V ͑corresponding to a current density 600 mA/ cm 2 ͒ is chosen as operating voltage, the stack then contains 40 cells and 0.008 m 2 active working area per cell for the required electricity power. The designed operation points are shown in Fig. 4 as well in terms of stack parameters in Table 4 .
A bio-fuel with a composition of CO ͑30% ͒ +CO 2 ͑10% ͒ +H 2 ͑50% ͒ +CH 4 ͑10%͒ is supplied to the stack. The cell/stack operating parameters and predicted performance are listed in Table 5 . Because the voltage loss is related to the current density, the electrical power density supplied by the fuel cell has a tradeoff to achieve a maximum value. It is clear from Fig. 3 that a maximum power density ͑w max = 650 mW/ cm 2 ͒ is approached when V cell = 0.32 V and i = 2000 mA/ cm 2 . It should be mentioned that the operating point should be well balanced and optimized in terms of power density, energy conversion efficiency, and required power supply /current/voltage. Such optimization is possible when further information concerning the stack requirements is available.
Transport Processes in an Anode Duct of ITSOFCs.
The following geometries are employed ͓17͔: length of the duct L = 20 mm; width of the porous layer a = 2 mm, and its thickness h p = 2 mm; while the width of the flowing duct b = 1 mm, and its height h d = 1 mm. The fuel gas has 0.80 mass fraction of H 2 , and 0.20 of water vapor with an inlet temperature T in = 700°C; thermal conductivity ratio k r ͑=k eff / k f ͒ = 1, effective dynamic viscosity eff = f ; porosity = 0.5 and permeability ␤ = 1.7ϫ 10 −10 m 2 ; Re in = 100, Re m = 1.0, D H 2 =3ϫ 10 −4 m 2 /s. Based on the mass average velocity, Fig. 5 shows the permeation Reynolds number Re p , the apparent friction factor times the Reynolds number f app Re, and the Nusselt number Nu along the main flow direction of an anode-supported ITSOFC duct. Similar to the wall Reynolds number Re m ͑for mass transfer across the bottom wall͒, the permeation Reynolds number is defined for gas permeation across the interface. It is found that Re p has a large negative value ͑i.e., permeation into the porous anode layer͒ at the inlet region, see Fig. 5͑a͒ . Due to the decreasing pressure gradient along the duct, permeation into the porous layer becomes smaller. On the other hand, H 2 O generation caused by the electrochemical reaction at the bottom wall, together with back permeation described earlier, contributes to a mass injection into the flow duct. This is confirmed by a small but positive ͑i.e., back flow into the flow duct͒ Re p shortly downstream the inlet in Fig. 4͑a͒ .
It should be noted that the boundary conditions employed are mass consumption of H 2 , generation of H 2 O due to the electrochemical reactions at the active surface ͑represented by the wall velocity V m at the bottom surface in Fig. 1͑b͒͒ , as well as the uniform velocity U in specified at the flow duct inlet. It is a fact that the above-mentioned boundary conditions affect the gas flow and species distribution in the anode. However, the net contribution of the electrochemical reaction is a mass injection to the porous anode and further to the flow duct. Consequently the negative permeation Re p in the entrance region is not from the electrochemical reaction related wall mass transfer. As a sensitive study, a fully developed velocity ͑parabolic profile͒ is employed at the inlet, i.e., imposing the uniform velocity boundary condition further away from the cell. The tested results show a similar trend, i.e., a negative Re p appears in the entrance region. However, the maximum value of Re p is smaller than that with a uniform entrance velocity ͑max Re p =−4 vs −24͒. It is revealed that this strong mass permeation to the porous anode is dominated by the pressure gradient between the flow duct and the porous layer.
For a pure flow duct with impermeable walls, f app Re decays rapidly from the inlet, and reduces to a constant value as the convective gas flow becomes fully developed ͑see Fig. 5͑b͒͒ . For the anode duct with a porous layer, the apparent friction factor, f app Re, starts at a small value at the inlet region but increases rapidly at the entrance region and also reaches a near-constant value shortly downstream along the main flow direction. Similar Table 5 The ITSOFC stack operating parameters and predicted performance to a suction flow from a duct, there is certainly a decrease in the apparent friction factor from that of the pure forced convection, as mentioned before. For increasing x * , the Re p becomes smaller and its contribution to the decrease of f app Re is less significant. This contribution will be zero when Re p = 0. Along the flow direction beyond this position, the gas flow is possibly affected by the following mechanisms: secondary flow and back permeation to increase f app Re, convective flow to decrease f app Re. It can be clearly observed that f app Re in Fig. 5͑b͒ is nearly constant downstream the entrance region. Further down the flow duct, the secondary flow and back permeation balance each other and the effects on the main flow fades away. The Nu for the composite duct has a similar behavior as that of the pure forced flow duct. However, a slightly bigger Nu can be observed for the composite duct ͑see Fig. 5͑b͒͒ , due to the mass permeation into the porous layer. From the discussion above, it is clear that mass permeation across the interface has more significant effects on the gas flow than on heat transfer, both at the entrance region and further downstream.
Axial velocity contours ͑U / U in ͒ are presented and discussed for an ITSOFC anode duct in Fig. 6 . As mentioned earlier, gas flow and heat transfer in the composite ducts are affected by the porous layer and the electrochemical reaction. Due to the permeation and mass injection/suction effects, the uniform distribution and the symmetry of the axial velocity associated with a pure forced duct flow no longer exist, and the position of the maximum contour values shifts away from the central plane ͑y / h = 0.625 in Fig. 6͒ . More mass is permeated into the porous anode layer in the entrance area because of the biggest pressure difference between the flow duct and the porous layer is found there. As a consequence, part of the boundary is shifted into the porous anode layer, which can be verified by a change of the boundary layer thickness close to the interface in Fig. 6 . Because the pressure in the flow duct will fall, a decreased pressure difference along the flow direction is expected. Consequently, gas permeation decreases and becomes weaker. It is confirmed that the hydrodynamic boundary layer moves back into the flow duct from the porous anode layer. However, it is clear that the axial velocity magnitude of the gas decreases rapidly in the porous layer.
It is clear that the temperature increases monotonically along the main flow direction as shown in Fig. 7 . The variation in the vertical direction of the temperature can also be observed with a slightly larger variation close to the active surface. This is due to the heat generation by the electrochemical reactions close to the active surface.
H 2 and H 2 O concentration profiles along the main flow direction are shown in Figs. 8͑a͒ and 8͑b͒, respectively. It is found that the H 2 concentration decreases, while the H 2 O concentration increases continuously along the main flow direction in the porous layer and the flow duct. This is due to the consumption of H 2 and generation of H 2 O during the electrochemical reaction. Moreover, the gradients of the H 2 and H 2 O concentrations in the direction normal to the active surface ͑the bottom surface in Fig. 8͒ are larger close to the interface areas of both the porous layer and flow duct compared to those close to the reaction sites.
It is clear that the fuel gas species is transported to the active sites for the reaction by both convection and diffusion in the po- rous layer. Similarly, the generated water is transported from the active sites. However, the species transport rate in the porous layer is smaller than in the flow duct, which can be verified by a flat mass fraction profile close to the interface areas in the porous layer. It is also clear from the figures that the H 2 concentration is large while H 2 O is small in the porous layer in the entrance region, due to the significant mass permeation across the interface from the flow duct. Hydrogen mass fraction profiles are plotted in Fig. 9 for the cross section at the stations of the half-length from the inlet and the exit of the duct. It is found that, in a cross section, the hydrogen mass fraction has minimum values close to the bottom active surface, which is caused by the electrochemical reaction mentioned earlier. Almost uniformly distributed mass concentration is found in both the flow duct and the porous layer. However, a larger value has been predicted in the porous layer close to the side wall.
In this study, the performance of the ITSOFC anode duct is also analyzed using the vertical component of the total hydrogen mass flux vector at the active site ͑bottom surface͒, which is proportional to the local current density produced. It is given by
It should be noted that the first part on the right-hand side represents the convection effects, while the second part is the contribution by the diffusion. Figure 10 shows a comparison of the hydrogen mass fluxes by convection, diffusion, and the total value. It can be seen that the convection mass flux has a large negative value ͑i.e., fuel species transport is to the reaction sites͒ at the inlet region. Due to the decreasing pressure difference along the duct, this convection becomes weaker. On the other hand, water generation caused by the electrochemical reaction at the active sites, together with back permeation clarified in ͓3͔, contributes to species flowing back to the flow duct. This is confirmed by a small positive value of the convection flux. It is also clear that the hydrogen diffusion flux maintains an almost constant value. By comparing the absolute values of convection and diffusion fluxes, it is found that the convection is stronger in the entrance region; however, the diffusion dominates the species transport further downstreams. The position, where this change occurs, is about 1 / 6 length from the inlet for this specific case. Consequently the total flux from Eq. ͑43͒ is controlled by the convection in the entrance region, and dominated by the diffusion for the rest of the duct, see Fig. 10 . Figure 11 shows the predicted values of the cross-sectional hydrogen mass flux for various stations along the main flow direction. It is found that the total hydrogen mass flux has almost uniform values for the cross sections, except for the case of the inlet. A stronger transport ͑i.e., larger negative values͒ to the reaction site is predicted for the entrance region, and particularly for the site below the flow duct. This large mass transport is due to the strong permeation caused by the pressure difference between the flow duct and the porous layer. However, all other stations have similar characteristics dominated by the diffusion.
As revealed in both ͓3͔ and the above discussion, the duct con- figuration and properties of the porous layer have significant effects on both gas flow and heat transfer in anode-supported IT-SOFC ducts. The large thickness of the porous layer produces transport processes that are controlled by diffusion. However, in a conventional HTSOFC duct, where the size of the porous layers is small, the convection is expected to be a significant process.
Conclusions
The characteristics of ITSOFC with thin electrolyte design and new materials are studied using mathematical models. The models are based on the fundamental thermodynamics, gas flow, heat/ mass transfer and electrochemical reactions with aims to evaluate the role of various transport processes and/or thermal/gas balances. It has been revealed that the impact of the thick porous anode is significant on the gas flow and heat transfer in an anode duct of ITSOFCs. The axial velocity is no longer uniformly distributed and the boundary layer is shifted into the porous layer in the entrance region; gas species transport from/to the reaction site is mainly dominated by mass convection in the entrance region and by species mass concentration associated diffusion after a certain distance downstream the inlet. Consequently, f app Re has a low value due to the large mass permeation to the porous layer in the entrance; the secondary flow and mass transfer increase f app Re from a certain position in the main flow direction. On the other hand, the stack model presented can be applied as a stand alone assessment/design tool, or implemented into an overall energy system modeling approach for the purpose of system studies. 
